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ABSTRACT

This report analyzes the problems and solutlons
in sounding the topside of the lonospheres of Mars and Venus
from a passing spacecraft. It shows that the pulse-ranging
techniques traditionally used for lonospheric sounding are
impractical in thils appllcation due to the high peak powers
required. A recommended system conflguratlon using a set of
optimum techniques for performing the soundings that requilres
peak RF powers that are compatible wilth solld-state trans-
mitters 1s described.

Transmission of an interrupted CW (50-percent duty
cycle) RF pulse train that 1s small-angle phase modulated by
a 150-cps tone 1s chosen as the optimum modulation. The dils-
tance to the reflecting layer of the lonosphere can then be
determined by measuring the phase delay of the detected tone
in the recelved signal.

A partlal breadboard of the recommended system was
constructed durlng the study to verlfy the sultabllity of the
varlous technigues and theilr compatibillity. The deslgn specil-
ficatlons and detalls of the system components are discussed.

vii/viii






I. INTRODUCTION

This is the flnal report of a one-year study per-
formed by Airborne Instruments Laboratory (AIL) for the NASA
Offlce of Space Sciences under Contract NASw-513.

An experiment has been suggested for incluslion
in the Mariner program to determine certain propertles of the
atmospheres of Mars and Venus through topside radio soundings
of the planets' ionospheres. The objectlve of thls study 1s
to define a system that will accurately measure (50-km resolu-
tion) the distance from the spacecraft to the reflecting reglon
of the ionosphere from a maximum range of 40,000 km at each
of three sounding frequencles. All reflectlons are expected
to occur within a 1,000-km band, requlring the system to
resolve the reflecting reglon into 20 resolutlon elements.
Observations of these topside reflectlons wlll provide a
measure of the atmosphere's scale helght and an estimate of
its peak electron density.

The Central Radio and Propagation Iaboratory (CRPL)

of the National Bureau of Standards has performed a study of
the sclentific aspects and objectives of this experiment.
The CRPL study has established the sclentific model in whilch
the experiment is to be performed and has recommended the use
of 1, 2, and 5 Mc for the Mars sounding, and 4.5, 6, and 9 Mc
for sounding Venus.

This report analyzes the englneering aspects of
the problem and determines the system technlgues that are
optimum for performlng this experiment in the expected space
environment. This environment places certaln constralnts on
the design of the 1lonosounder. Months wlll elapse between
the time the flight 1s started and the time the planet 1s



approached and the soundings made. Thus, system reliability
and simplicity are important requirements. The high cost of
placing a pound of payload in the vicinity of the planet
requires that the lonosounder welght be held to a minimum.
Electrical energy consumption also must be minimized, since
fhis 1s directly related to the welght of the needed electrical
energy source. Solld-state components wlth thelr high relia-
blllty and low weight should be used wherever possible.

The Mariner spacecraft are expected to have plane-
tary near-miss distances between 8,000 and 27,000 kilometers,
and an approach veloclity of 5 km/second. Topside soundings
made over a three-hour interval during the fly-by require that
the sounder operate from a maximum range between 12,000 and
40,000 km (Figure 1-1). This 40,000-km maximum range entalls
an extremely large path loss for radio sounding. The plane-
tary sounder must, therefore, use technigques that make efficient
use of the available electrical energy and that require peak
transmitter powers for sounding that are compatible with solid-

state devices.

The sectlons that follow analyze various technilques
that could be used 1n the ilonosounder, and recommend the
optimum set. The remainder of the study describes the optimum
system with its interfaces, and specifiles 1ts components in
detall. It also describes the breadboard performance in both
laboratory simulated soundings and as a bottomside sounder of

the earth's lonosphere.
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II. MODULATION

A. RECEIVER SIGNAL-TO-NOISE RATIO S/N

Appendix A derlves the recelved S/N per cycle of
bandwidth that would be present in a radilo sounder subject
to the cosmic noilse of interplanetary space. Table 2-I
gilves these values (a sounding range of 40,000 km) for
1 watt of radiated power at various frequencles for Mars
and for Venus.

TABLE 2-I
RECEIVED S/N PER CYCLE OF BANDWIDTH AT 40,000 KM

1 watt of radlated power
Isotroplic antennas

Specular loss-less reflecting ionosphere with
no mode splitting

Frequency S/N (db)

(Mc) Mars Venus
8.0
8.9
9.9
10.1
10.3
10.8

\O O U1 &=

O ©C O U O O
oy U1 U1 Ul =W
NN U W w

B. PULSED MODULATION

The use of conventional radar-pulsing techniques
requires a pulse width of %ﬂ-where R is the deslred resolu-
tion in meters and C is 3 X 108 meters/second, the veloclty
of light. The required radar recelver bandwldth 1s the



reclprocal of the pulse wldth. Thus, 50-km resolution requires
3 X 108

2 X5 x 10
S/N decrease of 34.8 db from that for a l-cps bandwidth.

a bandwldth of = 3 x 103 cps, and results in a

The 3.4-db S/N shown in Table 2-I for 1-Mc sound-
ings of Mars would be reduced to -31.4 db for a single pulse
sounding. A radiated power of 44,500 watts (31.4 db + 15 db
over 1 watt) 1s required to produce the necessary S/N of
about 15 db. Thils power 1s far above what can be obtalned
from present solid-state devices.

Integration of the signal returns would reduce the
fransmitter power requirement, but is impractical due to the
thousands of pulse returns that would have to be integrated
over many seconds of time to produce the necessary S/N
increase.

C. PULSE MODULATION WITH CODING

Proper coding (intra-pulse modulation and multiple
pulse groups) 1s a method frequently used to reduce the peak
power requirements of a pulsed radar through spreading of the
radlated energy in either frequency or time, or both. However,
a peak power reduction of at least three orders of magnitude
1s needed to reduce the power requirement to an acceptable level,
Frequency compression and time-delay networks with this capa-
bility are not practical for thls system due to thelr physical

size.

D. INTERRUPTED CW

The requirement of keeplng peak power levels within
a practical 1imit (about 100 watts) requires the use of a
high-duty-cycle transmisslon of which CW 1s the upper limit.
It also 1ndicates that narrow-band reception is necessary.

The maximum round-trip signal attenuation for a
1-Mc signal is about 150 db at 40,000 km range (Appendix A).



This requires that the transmitter be off durlng the time of
the expected signal return to avoid having the transmission
overload the recelver. No practlical transmlt-receive isolatlon
will accommodate the 150-db signhal ratio. Thus, a 50-percent
transmlssion duty cycle 1s the practical upper limit for the
ftransmitter.

E. TYPE MODULATION

With the duty cycle now chosen, the cholce between
amplitude and angle modulation remalns to be made. There 1s
about a 5 to 1 varlation in sounding range expected, which
would produce about a 28-db recelved signal strength varlation.
The use of amplitude modulatlon would require an automatlc
gain control loop in the receiver to avold the possibllity of
loss of modulation through receiver overloading. Angle modula-
tion requlres the use of a simple limiter in the receiver and
permits a receiver design that can tolerate a wlde varlation
in its galn. An angle-modulation transmitter 1s also much
simpler and smaller than an amplitude-modulation transmitter
of equal efficiency.

Small index angle modulatlon requires no more bandwldth
than amplitude modulation and 1s the method of modulatlion best
sulted for thils system. ILarge index angle modulation provldes
an S/N enhancement at high S/N, but is not considered deslrable
in this applicatlon due to the increase in its S/N threshold
that occurs with the increasing S/N enhancement at higher modu-
lation indices.

F. MCODULATING SIGNAL CHOICE

The angle-modulated signal may be represented by
s(t) = A cos [wct . ;z((t)] during its time of transmission.

where

=
Il

Signal ampllitude
Carrler radian frequency

&=
Il



t = time

g(t)

Modulating signal

The modulating signal i1s to be optimized, so that
the system can detect the requlred measurement data with the
minimum expenditure of energy. With the type of modulation
selected belng small-angle modulation, minimum energy expendi-
ture 1s synonymous with minimum bandwilidth.

CRPL has indicated that the reflecting reglon of
the planetary lonospheres for the sounding frequencies used
will be within a 1000-km band, and that the soundings should
be resolved to within 50 km.

Thus, the sounder must resolve the reflecting range
into one of 20 posslble elements during each sounding interval,
which is a measure of the system's information capacity. An
increase of this capacity from the minlmum of one in 20
requires that either system bandwidth or S/N be higher than

the minimum.

The measurement of range with radio waves 1s actu-
ally a measurement of the round-trip propagation time. Thus,
in effect, a clock In the sounder must be synchronlized with
the transmltted modulation, @(t), so that 1t can measure the
elapsed propagation time. The time delay between the sounder
clock @(t) and the receilved @(t) is the desired measurement
that must be resolved into one of 20 elements. @(t) must be
chosen to allow the making of thls measurement wilth the mini-
mum expenditure of bandwidth.

Two usable forms of @(t) that are simple to imple-
ment are a linear frequency sweep, @(t) = K1t2 radians and
a sinusoidal form @(t) = K, sin g, t radians, where both are
periodic with a perlod equal to the round-trip propagation
time for 1000 km. The sinusoidal modulation signal is opti-
mum as 1t requlires a bandwldth conslderably less than the

-4



linear sweep, and, in fact, requlres the minlimum bandwidth
of any modulatlion signal.

G. MODULATION SIGNAL SPECIFICATIONS

Small-angle phase modulatlion of the 1Interrupted
CW sounding frequency with a sinusold is considered the opti-
mum modulation for this system. An analysls of the specifi-
cations for this modulation follows.

1. TRANSMITTER "ON" TIME

It is desirable that the transmitter, when at maxi-
mum soundlng range, be turned off simultaneously with the
arrival of the leadling edge of the reflected signal. This
coupled with the 50-percent duty cycle provides maximum use
of the transmitted energy. The 40,000-km range corresponds
to about a 250-msec round-trip time. Thus, the transmitter
on-off rate is 2 c¢ps.

2. MODULATION SINUSOID

The perliod of the sinusoildal modulatlon should cor-
respond to the 1000-km band of range withln which the measure-
ment 1s to be resolved. The round-trip propagation time across
1000 km is-Iéﬁ-second, so the sinusold frequency 1ls 150 cps.

The stabllity requirement for the 150-c¢cps slnusold
i1s determined by the accuracy required 1in knowlng the differ-
ence between the sounding ranges for any two of the sounding
frequenclies. The modulation phase delay due to the propaga-
tlon time 1s measured dlrectly by the sounder, and thls delay
i1s then related to a delay time (or distance) by converting
the fraction of 2n radians occupied by the phase delay to that
same fractlion of the modulaticn period. Thus, for a measured
phase-delay difference of ¢ radians between two soundings,



and a modulation period T, the delay-time difference, t,

represented by the measurement 1is:

T x 21-

2n

ot
Il

and

At _ AT 8

T T_X2n

where At 1s the resultant error in the delay time between any
two measurements caused by an error AT being added to the
design modulatlon period T. The desired resolution element
is 50 km, and the modulation period corresponds to 1000 km.
If the measurement error is arbitrarily allowed to reach 1/4
of a resolution element in the worst case when @ approaches
2m, then

{%2 1 g08050 =-éb or 1l.25-percent frequency stability, since

the times are dlrectly related to distances.

A stronger criterlia for modulatlon stability occurs
in the short-term frequency drift. A change 1n the modula-
tion period during the course of a 1/4 second transmission
wlll result in a change 1n the measured delay time that
increases as the sounding range increases. If the sounding
range 1s d meters and the round trip propagation time is

2 x-%-seconds, where ¢ 1s the average propagation veloclty:

2¢

then - = nT + &,

Where
n = Number of complete modulation periods
T = Deslign modulation period
t = Measured delay time

2-6



AT
At

Change in modulation period

Change in measured delay time
If d and n remain constant
nT + t = n(T + AT) + (t + At)

At _ -n AT
i

Thus, 1f the measurement 1s to change by less than
1/4 of a resolutlon element at the maximum sounding range of
40,000 km,

1 1/4 x 50
T | ZTo X ~TI000

AT | < 3,12 x 1074

Thus, the modulation frequency must drift less than
0.031 percent during the time of sounding of any two fre-
quencles.

3. MODULATION INDEX

The choice of the modulation Iindex 1s based on
minimizing the required recelver bandwidth, while still main-
talnlng adequate slde-band power for the measurement.

The modulated signal may. be represented as

S(t) = A sin (2nf t + m cos 2nfmt)

2-7



S(t) = A {Jo(m) sin 27f t +
Jl(m) [cos 27r(fc + fm)t + cos 2n(fc - fm)t] + 3

f = Sounding frequency
f = Modulatlon frequency

m = Radlan depth of angle modulation

J_ = Bessel function, first kind, n'? order

Inspection of Jo(m) and Jl(m) indicates that if

m =%%
7 = o.852
711 - 0.362

and that [JO -}H]e = 0.726 =

the fraction of transmlitted power in the

carrler,

Q[Jl(-&)}e - 0.262 =

the fraction of the transmitted power in
the first sidebands.

Thus, all but 1 percent of the signal power is in
the carrier and first palr of sldebands. 1In addition,
adequate power resldes in the sidebands for the phase-delay

measurement.
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ITI, SIGNAL DETECTION

A, RECEIVED SIGNAL CHARACTERISTICS

The recelved signal willl be pulses of carrier that
are angle modulated at 150 cps. It wlll be modifled from the
transmitted signal as follows:

1. The received pulse width will be directly
proportional to the sounding range:

Range x 2
Propagation veloclty

The width at the 8000-km minimum range will

Recelved pulse width =

be
'’
1.6 x 10" _ 53 msec
3 x 10
2. Carrler and modulation frequencies will be

doppler shifted (Appendix B). The modu-
lation doppler shlift wlll present no problem
due to 1ts small magnitude, but the carrier
frequency shift 1s significant. Maximum
doppler shift in cps = Soundling frequency
(Mc) x 24, Thus, at the maximum sounding
frequency of 9 Mc for Venus, the maximum
doppler shift will be +216 cps. The maximum
dopgler rate at this frequency will be
cps/sec.

3. The slgnal return will have some spectrum
- spreading due to perturbations in the reflect-
ing ionosphere. The opinion of CRPL 1s that
thls wlll be generally less than 1 cps.

4, The S/N per unit bandwidth is given in
Appendlix A and 1s tabulated for different
frequencles 1in Sectlon II-A,

B. SIGNAL DETECTION TECHNIQUES

1. DISCRIMINATOR

The simplest efficlent detector for angle modu-
lation is a discriminator. The equivalent noise bandwldth



for such a detectlion system 1s related to the required
recelver IF bandwidth and the post-detection bandwidth. The
post-detection bandwidth required is low (less than 1 cps),
but the receiver bandwidth needed is the sum of the maximum
bldirectional doppler shift (+216 cps), the modulation side-
bands (300 ¢ps), and the expected system frequency drift.
This sum is 1 ke. Combining the recelver IF and the post-
detectlon bandwlidths ylelds an equlvalent nolse bandwidth
that produces a system sensitlivity far poorer than what can
be obtained with a phase-lock loop.

2. PHASE-LOCK LOOPS

The phase-lock loop 1s the detection system that is
best sulted to the parameters of the sounding system for
demodulating the recelved signal. It can track the carrier
doppler thus acting as a tracking fllter wlth a low equivalent
noise bandwidth. Much literature exists (references 1 through
9) describlng and analyzing the operatlion of thils detection
system. Appendix C shows a block dlagram of such a loop and
describes the relatlonships between 1ts important parameters,

C. SOUNDER SIGNAL DETECTOR

1. BANDWIDTHS

The recelver bandwidth requlred to accommodate
doppler shift, modulatlon sidebands, and system drift is 1 kec.
The maximum bandwidth required by each of the signal spectral
components (carrier and one palr of sidebands) is fixed at
1 cps by the maximum assumed perturbations 1n the reflecting
ionospheres, The optlmum detection process should make use
of this narrow bandwidth requirement.

A phase-lock loop wlll remain locked on the carrier
signal, if the S/N in its equivalent noise bandwidth 1s
greater than zero db (reference 9). About 4 db is needed to
rellably acquire the signal. The optimum loop of Appendix C

3-2



has a two-sided noise bandwidth about 6.66 times the loop
3-db (information) bandwidth. Thus, using a 3-db loop band-
wldth of 1 c¢ps wlll provide a phase-lock locop S/N greater
than the IF S/N by the ratio of the IF bandwidth (1 ke) to
the loop noise bandwidth (6.66 cps), or 21.8 db. A minimum
IF carrier S/N requirement of (average) 4 db - 21.8 db =
-17.8 db (-14.8 db pulse S/N at maximum range because of
50-percent duty cycle) results when the 4-db S/N is required
for slgnal acquisition.

The phase-lock loop performs a synchronous detection
of the recelved signal, ylelding the 150-cps modulation tone
for measurement. A more detalled analysls of the signal
detection process follows.

2. PHASE-LOCK LOOP

The recelved signal has been specified as having a
maximum duration of 250 msec when the soundlng range 1s maxl-
mum, Turning the receiver on, also for 250 msec, during the
expected signal return time tends to match the recelving sys-
tem to the signal and provldes a non-zero input to the phase-
lock loop for 50 percent of the time, with zero lnput durilng
the remainder. The use of an ldeal integrator for the loop
low-pass filter will cause the loop slgnals to be 1lnvariant
during the receiver off-time. Thls permits the loop analysls
at the maximum range to be the same as for a CW system with
the time scale halved, and the S/N 3 db less than the pulse
S/N.

The low-pass filter shown in Appendix C 1s equiva-
lent to an 1deal integrator in thilis respect, if it 1s elec-
trically disconnected from the loop durlng recelver off-time,
thus avolding its dilscharging.

3-3



3. VARIABLE DOPPLER SHIFT PROBLEMS

Soundings are to be made on each of three frequenciles
during a planetary fly-by. The switching from one sounding
frequency to another will cause a change in the doppler shift
due to 1ts direct dependence on frequency. This change would
require a costly time and energy consuming signal reacquisi-
tion every time, unless use 1s made of the known relatlonship
between the doppler shifts at each frequency. This may be
done by generating the VCO signal In the phase-lock loop for
each of the sounding frequencies, so that the doppler compo-
nent of the VCO frequency will vary by the same factor as the
change in the sounding frequency.

This can be accomplished by selectively attenuating
the control voltage to the VCO, or by a frequency synthesis
procedure, Although it requires more components, the latter
1s most desirable from the viewpoint of accuracy and circult
practicabllity.



IV, DATA MEASUREMENT

A, OBJECTIVE

The obJjective of the measurement 1s to obtain the
round-trip propagation time of the sounding signals. This
time is observable as a phase shift in the detected 150~cps
modulation tone, Thus, the required measurement 1is the
phase shlft in the 150-cps tone.

B. CLOSED-LOOP SERVO

A closed-loop servo may be used to determine the
phase shift. This would operate by sensing the phase differ-
ence between the transmitted and recelved modulation tones
in a phase comparator, and using this difference to control
a variable phase shifter that alters the phase of the trans-
mitted tone that 1s applied to the comparator. This process
continues until the phase difference 1is brought to a null,
and the error voltage required to produce this null is indic-
ative of the total phase that was shifted. The phase shifter
may be mechanical or electronic.

This closed-loop technique requires a phase detec-
tor, amplification of the difference signal, and the variable
phase shifters. The component complexity makes this technique
undesirable,

C. OPEN-LOOP PHASE MEASUREMENT

An open-loop phase difference measurement may be
made using a simple phase detector.

The simplest phase detectors produce an output
voltage that 1s the cosine of the phase angle beilng measured.
This form repeats itself every 180 degrees of phase shift.



However, the use of two simple phase detectors operated in
quadrature provlides a unique measurement of phase over

360 degrees., In this case one detector will indicate the
sine of the angle, and the other the cosine. Taking the
tangent of the phase angle as belng equal to the ratio of
the first output voltage over the second will also make the
measurement independent of changes 1n the demodulated tone
amplitude due to variations in S/N,

D. DATA SIGNAL

The phase-lock loop synchronously demodulates the
received sounding signal. The spectrum of thils detected sig-
nal contains the 150-cps tone with sidebands consisting of
the 2-cps pulse-repetition frequency (PRF) harmonics clustered
about it. As the received signal pulses become narrower at
reduced soundlng ranges, the amplitude of the pulses will
Increase due to the lower path loss; however, the fraction
of the signal energy lying in the sidebands will increase
Inversely with the pulse width, leaving a smaller portion of
the total energy in the 150-cps tone. Thils may be written as:

Btone = Ppulse X Tpulse

where

Etone = energy 1in 150-cps tone,
Ppulse = peak power of recelved signal pulse,
Tpulse = pulse width

L = sounding range,

Ppulse ~ %ﬁ’
Tpulse ~ L,

E ~ 1

tone L(n-l)‘



Since n varles with range between 2 and 4 (Appendix A),
Etone will increase as L decreases. Thus the energy in the

tone that is avallable for the phase measurement lncreases
at the shorter sounding ranges.

E. DATA SIGNAL/NOISE

Section ITII-C(1) derives -14.8 db as the minimum
carrier S/N in the 1l-k¢ wide IF that will provide the 4-db
S/N threshold required in the phase-lock loop for signal
acquisition, Section II-G, F(3) shows that the modulation
sideband power is 0.262 of the total, or -5.8 db. Thus, if
the unmodulated signal present 1n the receiver durlng signal
acquisition has an IF S/N of -14.8 db, the modulation side-
band S/N will be -14.8 db and -5.8 db = -20.6 db., The detec-
tlon process wlll yleld a data S/N durlng the recelved pulse
of -17.6 db, a 3-db improvement due to coherent adding of
sldeband power, in a 500-cps nolse bandwldth. In the 1lnterest
of phase-measurement sensitivity, 1t 1s desirable to ralse the
S/N by filtering. Practical considerations of achievable
gselectivity indicate that a 10-c¢cps nolse bandwidth (3-db band-
width of 6.4 cps) filter is a good choice at the 150-cps
center frequency. This flltering will ralse the mlnimum pulse

3/N by 229 = 50 or 17 db to -0.6 db.

The presence of the maxlmum duty cycle of 50 percent
can be consldered as decreasling the effective S/N by 3 db from
the peak S/N. The Justification for this is the same as used
in Section III-C(2) for the phase-lock loop. That is, half
of the signal energy at the input to the phase detector exilsts
in the pulse sidebands. Thus the minimum effective signal
energy to noise energy at the phase-measurement input is 3 db
less than -0.,6 db or -3.6 db in a 10-cps noise bandwidth
centered about 150 cps.
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Appendix A shows that the required measurement S/N
to provide the 50-km resolution is about 15 db. Thus an
additional S/N enhancement of 15 + 3.6 db = 18.6 db is
required after the phase measurement.

An efficlent and easily realized post-detection &/N
enhancement occurs when the detected signal 1s passed through
a filter whose frequency response has the same form as the
signal's spectrum. The measurement signal is a series of
rectangular pulses that have a 50-percent duty cycle at maxi-
mum sounding range, and an ampllitude depending on the measured
phase. Using post-detection integration of thls pulse train
for a time 2to, can be consldered as integrating a single
pulse of the same S/N and length 2to. The effect on the S/N
due to the 50-percent duty cycle has been taken into account
by the 3-db S/N loss at the phase measurement,

Thus the equilvalent signal spectrum belng integrated
1s:

sin tow
F(w) = 2A t ———

o) tow
The Fourier integral of a pulse of amplitude A and width 2to.

The fllter that most closely matches thls signal 1s
an integrator that 1is "dumped" after time 2t and has the
followlng Ilmpulse response;

| f{1)

2t,

bl



The Fourier integral of this impulse response 1s
the effective frequency response of the fllter and is:

sin 2ntof

H(f) = 2to Eﬂtof

The equivalent rectangular nolse bandwidth (Hanson
bandwidth) of this filter

H(T
Bn - J( l H%o;
o

2
af

and

> sin2 2nft
B_ = Jr Q 4r

2
o (2wfto)

_ 1
Bn = EE; cps

The S/N improvement provided by thls lntegration
process 1s approximately the ratio of the one-sided vilideo

nolse bandwidths before and after integration or =2 = 20to.

B
n

Appendlx D shows that an ldeal Integrator 1s
approximated by an RC filter, when RC 1s large compared with
the effective integration time. It indicates that the inte-
gration efficiency of an RC filter where RC = to is within
0.3 db of the ideal integrator.

The actual signal being Iintegrated is a 50-percent
duty cycle train of pulses present for a time 2to. Thus the
RC integration requires a "holding" device to freeze the
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integrated voltage during the '"no pulse' time for the effi-
clency to be evaluated on the basis of to Integration time
instead of the actual time 2to.

The integration S/N improvement is 20 to wlthin
0.3 db for RC = t,s and the required S/N improvement is
18.6 db, a ratio of 72. Thus 20 t, ~ 72 and t, = 3.6 seconds,
and the actual required integration time is 7.2 seconds.

The minimum IF carrier S/N -14.8 db
Decrease in power due to
modulation: -5.8 db

Increase due to coherent
adding of sidebands in

detectlon process: +3.0 db
Increase due to 10-cps

filtering: +17.0 db
Decrease due to 50 per-

cent duty cycle: -3.0 db

Increase due to post-
detection integration
of 7.2 seconds: +18.6 db

Totals: -23.6 db +38.6 db
and measurement = 15 db S/N
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V. RF SIGNAL GENERATION

A. REQUIREMENTS

The Mars and Venus sounders should share as many
common elements as possible. Therefore, the sounder should
be capable of operating on the six soundlng frequencles with
a minimum of component switching. A superheterodyne recelver
with six palrs of sounding and local-oscillator frequencles
best satisfles thls requirement. The frequency drift of the
difference of each pailr must be kept to less than +150 cps
to avold placing the modulated IF signal outside the IF pass
band.

B. FREQUENCY GENERATION

The most stralghtforward method of stable fre-
quency generation 1s to have a palr of crystal osclllators
for each sounding frequency. An alternative method, shown
in the followlng sketch, i1s to have two stable oscillators
FT and FR’ which remain in use for all of the soundings, and
whose frequency difference FT - FR’ is the IF of the recelver,
Different soundlng frequenciles, FT - FX’ wlth their proper
local oscilllator (LO) frequencies, FR - Fys can be selected

by heterodyning a thlrd frequency, FX’ wlth the first two.

F, —P MIXER }———————p TO TRANSMITTER

1%

SELECTABLE SOUNDING
F, - F =IF FREQUENCY [ ¢—————— FREQUENCY
SOURCES SELECT

F. - F

R X TO RECEIVER
———p

F ——p MIXER FIRST DETECTOR
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The latter method has the advantage of greater
simpliclty, flexibillity, and uses fewer components unlque
to each sounding frequency.

C. MODULATOR

Small-angle phase modulation at 150 cps 1s required
at each soundilng frequency. The frequency generatlon method
of the preceding section (B) 1s 1deally suited for the place-
ment of a phase modulator between the FT source and the upper
mixer, Angle modulatlon at frequency FT 1s unaffected by the
mlxing process and wlll be the same at all of the sounding

frequenciles.

True phase modulation of FT wlth a variable phase
shifting network 1s recommended in contrast with frequency
modulatling the F_ source. This procedure will produce the

T
greater frequency stabllity.



VI. SIGNAL ACQUISITION

Section III-C(1l) described a phase-lock loop in
the signal detection system of the sounder and 1ts need to
acqulre the recelved signal. The reasons for the acquilsition
requirement are:

1. System frequency drift,
2. Doppler shift of recelved signal.

The frequency drift of concern here 1ls the drift
In the difference of the transmlt and the local-oscillator
frequenclies., Stable crystal osclllators will limit this to
+150 cps.

The doppler shift wlll depend on the spacecraft
motion relative to the planet belng sounded and the sounding
frequency; thls variles between 124 cps at 1 Me, and 1216 cps
at 9 Mc for a spacecraft velocity of 5 km/sec at the maximum
sounding range of 40,000 km.

Acqulsition willl be accompllshed most efficlently
by divlding 1t into the two parts of system drift and doppler
shift.

The system drift can be removed without turning the
transmltter on, by allowlng a small leakage to occur between
the sounding-frequency generator and the recelver, However,
the doppler acqulsition will requlre the presence of a
reflected signal and no perceptlble leakage.

The acquisition procedure wlll consist of sweeping
the VCO 1in the phase-lock loop in two stages; the first willl
remove the system drift and the second will remove doppler
shift. Both stages will use the same maximum sweep rate (ref-
erence 8) of twlce the loop 3-db bandwldth per second (2 cps/



second), and the completion of the first stage will signal
the start of the second. (No modulation will be used during
acquisition s0 as to lncrease carrier signal strength and to
avoild locking onto the side bands.) Acquisition in both
stages willl be indicated by the output of a phase detector,
operating in quadrature wlth the phase-lock loop phase detec-
tor, having exceeded a threshold. Thls will slgnal the
stopping of the VCO sweep, the turning on of the modulation,
and the start of sounding.

Acquisition will require a maximum of 150 seconds
during the drift acqulsitlon, and a maximum varying between
24 seconds and 216 seconds for doppler as the sounding fre-
quency 1s increased from 1 to 9 Mc,



VII. ANTENNAS, MATCHING NETWORKS, AND POWER AMPLIFIERS

There are several types of antennas that theo-
retically meet the requirements for the Mars and Venus
flights. The antenna must have a large operating size with
a small storage size and be lightwelght. Furthermore, it
must be simple because, in general, the more complex the
antenna shape becomes, the more problems wlll arise in
packaging and erectlng.

A dipole antenna 1s recommended for both flights
because of 1ts comparative simpliclty and light weight. It
consists of two arms fed at the center., These arms can be
projected out of opposlte slides of the vehlcle to the
required size uslng elther erection or inflatable techniques.
From the standpoint of efficlency and impedance properties,
the total length of the dipole ideally should be about one-
half wavelength long at the frequency of operatlon. Slnce
there are three frequencles 1nvolved, thils would mean three
separate antennas and would increase the welght, slze, and
complexity of the system. Since the wavelengths at the fre-
gquencles belng used are so large, it would be advantageous
mechanlcally and from the standpoint of weight to use less
than a half wavelength dipole for two of the frequencles.

The problem is, however, as the size of the dipole decreases,
the resistance decreases rapidly whereas the reactance
increases rapidly. For example, for a dipole about one-
elghth wavelength in length, the resistance 1s about 2.5 ohms
and the reactance approximately -J 1800 ohms. When this
impedance is matched with a reactance of +J 1800 ohms, the
resistance 1in thls matching section may be of the order of
18 ohms (assuming a coll Q of 100), which means dissipating
about 9 db of the avallable power 1n the matching section.



In addition, as the length of the antenna 1is
changed, the antenna goes through several resonances (purely
resistive) 1in which the problem 1s to match the resistance
to the characteristic impedance of the feed line. The
resonances occur approximately at multiples of one-half
wavelength,

It 1s possible to operate the dipole up to a
length of about 1-1/4 wavelengths. As 1-1/2 wavelengths is
approached, however, the radlation pattern deteriorates into
a multi-lobed pattern.

The dipole can be implemented using elther erect-
able or inflatable technliques. An erectable technique would
consist of some method of mechanically extending the arms out
from the vehicle. This can be done by folding the arms like
a carpenter's rule--that 1s, winding the arms on a spool or
some other means, The 1nflatable technlque would consist of
two long metallized flexible tubes that would be inflated to
thelr full length. These tubes should then be rigidized in
some manner and evacuated. If they were not evacuated, then
a hole punched in them would cause gas to escape and possibly
cause the arms (or the vehicle) to change attitude. At this
time, from the standpoint of reliability, minimum weight, and
proven performance, 1t seems that the erectable type such as
manufactured by DeHavilland and being used by AIL on the
Topside Sounder (S-48 satellite) 1is the most logical choice.
Thls consists of a metal strip wound on a spool. As the
metal strip 1s unwound from the spool, 1t forms into a tubular
shape (about 1/2 inch in diameter).

The exact polnt in transit when this antenna should
be erected 1s subject to some discussion. However, some gen-
eral rules can be polnted out at this time. The first rule
should be that the antenna be erected after all major attitude
or course corrections have been made. Since the dipoles con-



sist of relatively long and thin arms protrudling from the
vehilcle, any vlolent maneuvers may tend to deform these arms
or wrap them around the vehlcle, Three other events that
could occur to limit the success of the flight are:

1. Damage to the antenna (1n extended posi-
tion),
2. Fallure to erect,

3. Loss of command ability.

The time of erectlon would then be a compromilse.
Erecting the antenna long before expected use would leave it
vulnerable to damage, though the probabillity of damage is
slight due to 1its small sllhouette. However, 1f 1t falls to
erect, there must be adequate time to try to erect 1t wilith
some backup system. Also, 1t must be erected at a time when
the probabllity of recelving and carrylng out command signals
1s high.

The antenna length is determlned practically by
overall welght considerations, and the requlrements set by
the state of the art of the high-power, high-frequency tran-
sistors in the power amplifler. For the Mars mlssion, 1if a
dipole pole length of 30 feet 1s used, a matching network
loss of 20 db will result at 1 Mc (coll Q assumed to be 100).
Thus, the power amplifier would be requlred to generate a
power of 2000 watts to provide 20 watts of radlated power
(the power necessary to provide adequate S/N). Thls power
output cannot be obtained with transistors that are currently
avallable. However, 1f a dipole with 60-foot poles 1s used,
the power amplifier need generate only 224 watts. This out-
put power can be obtalined using two transistors (2N1900) in
parallel. Usling the required radiated powers for the Mars
flight of 16 watts for 2 Mc and 12.3 watts for 5 Mc and
assuming: (1) a transmitter on-time per frequency per sound-
ing of 8 seconds, (2) a total of 100 sounding cycles, and
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(3) a power amplifier efficlency of 80 percent. It can be
shown that 76.2 watts/hour of energy willl be requlred for
the transmitters for the Mars mlssion. Assuming a figure

of 30 watts/hour per pound for silver-zinc batterles, the
required battery welght 1s then 2.54 pounds. The total
welght of the 60-foot DeHavilland antenna 1s 5.0 pounds.
Thus, for a 60-foot dipole the total welght of the bat-
teries and antenna is 7.54 pounds. Using a similar analysls
and using DeHavilland dipoles whose pole lengths are 100 feet,
a total welght of antenna plus batteries can be shown to be
8.6 pounds. From the standpoint of welght, the best antenna
length for the Mars mission 1s 60 feet. When the preceding
criteria was used for the Venus mlssion, a 30-foot antenna
system was found to be the most desirable.

The anticlipated antenna matching losses for 30-foot
and 60-foot dipoles are shown in Figure 7-1 as a functlon of

frequency.



60-FOOT DIPOLES
(MARS FLIGHT)
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N \\

' 2 3 4 5 6 k4 8

SOUNDING FREQUENCY IN Mc

FIGURE 7-1. ANTENNA MATCHING NETWORK INSERTION LOSSES







VIII. TIMING AND CONTROL

The ionosounder has certain timing and control
requirements. These are:

Antenna erection,

Power turn on,

Start and stop sounding,

= W N
*® @

Signal acquilsitlion:

(a) System frequency drift,
(b) Doppler frequency shift,
Sounding PRF,

6. Sounding frequency sequencilng.

Functions 1, 2, and 3 are of a command nature and
can be satisfled via the command link or vehicle tlmer, or
most deslrably by both.

Functlon 4 1is initilated by the start of sounding
and contlnues until sounder sensors indicate 1ts completion.

Figure 8-1 shows its loglec.

The sounder PRF and frequency sequenclng signals
are both low frequency (2 cps and maximum of 1/24 cps, respec-
tively). The large size of components required in a 1/2M cps
oscillator Indicates that both signals should be derived from
a single oscillator through binary division., Figures 8-2 and
8-3 show the binary countdown and logic required to perform
thls functilon.
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IX, IONOSOUNDER SYSTEM SPECIFICATIONS

The specificatlion for the recommended sounder con-
figuration (Figure 9-1) follows. Flgure 9-2 1s a curve of S/N

versus range for the sounder,

Recelved Signal
Power at

Ant Nolse P
Sounding Pole Length Matzggig Radiated (enerated Receiver Terminals at Recelver ;:i;inals
Frequency of Dipole Loas Power RF Power Min Max dbm
Mc) (feet) {db) {watts) (watts)  (dbm) (abm) in 1 ke BW
[ 1,0 60 10.5 20.0 224.,0 -98.7 -73.2 -85.1
Mars 2.0 60 3.4 16.0 35.0 -98.7 -73.2 -85.1
1 5.0 60 1.0 12.3 15.5 -105.7 -79.9 -91.8
4.5 30 2.5 4.5 7.9 -105.7 -81.,6 -92.1
Venus 6.0 30 1.5 4.0 5.6 -107.7 -83.6 =94.,1
9.0 30 1.0 3.6 4.5 -111.2 -87.1 -97.6
Maximum sounding range: 40,000 km
Minimum sounding range: 8000 km
Receiver input dynamic range: 24.4 db

Transmission modulation:

Sounding Duratlon:

Angle modulation at 150 cps,
with maximum phase deviation of
/4 radians pulsed at a 2-cps
rate wlth a 50-percent duty
cycle.

Three frequencles sequenced,
with 8 seconds sounding time
at each frequency.
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Recelver:

Data Measurement:

Superheterodyne, with one stage
of tuned RF amplification.

3.5-Mc IF, with bandwidth fixed
at 1 ke by a crystal filter
whose phase characterlstlic 1s
linear with frequency to withiln
3 degrees per 150 cps.

Minimum of 10 db of limiting
after crystal filter for -98 dbm
slgnal 1n 1l-kec bandwidth at
recelver 1nput.

Phase-lock loop at IF, with min-
imum informatlon bandwidth of

1l cps and two-slded nolse band-
width of 6.66 cps. Provides
21.8 db carrier S/N improvement
over IF S/N.

Two 150-cps phase detectors in
quadrature, each followed by
"integrate and dump'" filters with
two-slded nolse bandwidths of
0.125 cps (8B-second integration
times).
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X. TIONOSOUNDER SYSTEM COMPONENTS

7 Those techniques discussed in the preceding sec-
tions that were considered critical were evaluated 1in the
laboratory with a breadboard ionosounder. A two frequency
sounder that contained most of the components described in
this section was assembled and operated as predicted. The
exceptions not included in the breadboard were:

1, Timing and control was limited to receiver

and transmitter on-off control,

2. Matching networks and power amplifiers
were not included,

3. Phase-lock loop did not contain the low-
pass filter disconnect switch,

4, Signal acquisition was much simplified and
involved the acquisition of system drift
(no doppler simulation was used) with a
VCO sweep of about 100 cps.
The following is a description of the recommended

system components and thelr design approaches.

A. RF_SIGNAL GENERATION

The RF signal generation unit (Figure 10-1) 1is
programmed to supply a phase-modulated signal to the trans-
mitter every half second for a quarter of a second, and a
local-oscillator signal (which is greater in frequency than
the transmitter signal by an amount equal to the IF fre-
quency) to the receiver during the remaining quarter of a
second. This procedure continues for 8 seconds and is
repeated sequentially for three different pairs of trans-
mitter and LO frequencies.
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1. SYSTEM OPERATION

The sounding frequencles are generated by mixing
two crystal-controlled frequencies, A 10.5-Mc crystal-
controlled osclllator is phase modulated with a 150-¢cps sine
wave, and then doubled to 21.0 Mc. The modulated 21-Mc sig-
nal is then mixed with an output of one of the three crystal-
controlled oscilllators producing a difference frequency that
1s the sounding frequency.

The LO signals for the receiver mixer are also
generated by mixing two crystal-controlled sources. The out-
put of a 17.5-Mc crystal cscillator mixes with one of the
outputs of the three crystal oscillators to produce the LO
frequency that 1s higher than the signal being transmitted by
an amount equal to the IF frequency (3.5 Mc).

All of the RF generation circuitry can be used for
both the Mars and Venus flights, with the exception of the
22-Mc, 23-Mc, and 26-Mc oscillators and the LO mixer. It
was found in breadboard tests that the same LO mlixer could
not be used for both flights. When the mixer filter's upper
cutoff frequency was made high enough to pass the highest
frequency for the Venus system, the outputs for the lower
Mars frequencies were rich in harmonic content. Thls harmonic-
rich LO caused large spurious responses in the recelver.
These responses could have been fliltered by the preselector,
but the preselector would have become a great deal more com-

plex.
2. INTERNAL FREQUENCY SELECTION

The choice of oscillator frequencies for the RF

generation circuitry were based on the following:
1. Desirability of the internal frequencies
to be separated in frequency by as much

as possible from the output frequencies
for ease of filtering.
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2. Desirability of the oscillator frequencies
to be higher than the sounding and LO fre-
quencies, so that thelr harmonics will not
impose restrictions on the output filtering.

3. Frequencies of the crystal oscillators

should not be greater than 30 Mc, because

crystals in this range are fragile.

The 22-Mc frequency that is referred to is a nominal
value., Breadboard tests indicated that when the system was
operating at 1 Mc (22-Mc oscillator in the circuit), leakage
from the 23-Mc oscillator beating with the 22-Mc osclllator
produced a 1-Mc leakage signal. This same phenomenon occurred
when the system was operating with a sounding frequency of
2 Mc (23-Mc oscillator in the circuit). Leakage from the
22-Mc oscilllator produced a 1-Mc signal whose second harmonilc
produced an interfering signal. To alleviate this problem,
the frequency of the 22-Mc osclllator was increased by 2.5 ke,
so that the leakage signal would be attenuated by the crystal
filter in the receiver.

The 21-Mc signal in the transmitter signal circuitry
is not generated directly, because the phase modulator that
was used in the system was not linear for phase deviations up
to the required iAS degrees. Because of this, a 10.5-Mc sig-
nal was phase modulated +22.5 degrees, and then doubled to
produce a 21-Mc signal with a phase deviation of i#S degrees.

The phase modulator consists of a series resonant
circuit where the capacitor is replaced by a palr of voltage-
tuned varactors. The phase shift through this network is

given by:
- L - 1/we
where
oL = inductive reactance of the serles tuned circult,
1/wc = capacitive reactance of the two varactors in

series,
R = sum of driving resistance and load resistance.
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The voltage-capacitance relationship of an abrupt Junction

varactor can be given approximately by:

—1/2
C v
- =| = 10-2
CO Vo ( )
where
C = capacitance at voltage V,
V = Iinstantaneous voltage,
CO = capacitance at voltage Vo’
VO = DC bias on varactors.
Combining (10-1) and (10-2):
1
o en - we (v, )R
© = tan (10-3)

R
If the phase modulator is set up so that the quies-

cent capacitance Co is made to resonate with the inductance

at the incoming frequency, then:

1
wh = Eﬁg (10-4)

Further, the quiescent Q can be given by:

o o (10-5)

Combining (10-3) and (10-5):

1

6 = tan

Qg |1 - (W) VA (10-6)

o]
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Similarly for a parallel tuned circuit:

0 = tan™*+

Q |1 - (v/VO)'l/2 (10-7)

Equations 10-6 and 10-7 are plotted in Fig-
ure 10-2, where it can be seen that for Qo = 1 the serles
circult 1s more linear than the parallel circuit. The curves
also show that linearity improves with increased Qo. However,

large values of Q make the circuit sensitive to changes in the
circuit parameters.

It 1s desirable that the phase-shift modulating
voltage characteristlic of the modulator be linear. If the
circult Q 1s assumed to be large, the circuit nonlinearity
can be assumed to be due to the nonlinearity of the tangent
characteristic. Examlnation of the characteristics of tangents
shows that for a deviation of 45 degrees the maximum deviation
from linearity is 17.2 percent. However, if a sighal is modu-
lated at 10.5 Mc by +22.5 degrees, then the maximum from
linearity 1s only 3.9 percent. Two varactors are placed
back-to-back in the circuit to improve the linearity with
respect to the incoming 10.5 Mc. By using two varactors,
calculations show that an incoming signal at 10.5 Mc of
1 volt rms will experience a peak departure from nonlinearity
of 5 percent.

3. GATING

The selection of transmitter and LO frequenciles 1s
performed by switching continuously operating oscillators 1nto
the system rather than turning the oscillators on. This was
done because of the relatively long turn-on times for crystal
oscillators (typically, 1 msec), and the possiblility of fre-
quency drift of the oscillators due to thermal warmup.
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Gating was also used 1n place of filtering to
eliminate leakage signals. The largest leakage problem in
the breadboard was the rejection of 3.5 Mc wherever generated,
Any 3.5-Mc signal that is generated and couples to the receiver
must be attenuated below the receiver threshold. A possible
mode of generation of 3.5 Mc 1s through 21 Mc leaking across
the oscillator amplifier (Figure 10-1) to the LO mixer where
it mixes with 17.5 Mc to produce 3.5 Me, To eliminate this
leakage path, the second harmonic generator, gate, and mixer
in the transmitter signal line are gated off when the receiver

is on.

A second path for leakage 1is through the power ampli-
fier, and the antenna matching network to the RF amplifier.
The leakage through this path is made negligible by turning
the transmitter driver amplifier off during the receiving
time.

The LO mixer (Figure 10-1) is turned off so that
the 17.5-Mc signal does not modulate the transmitter signal.
The recelver LO signal is also removed during transmit times.

It was found necessary to turn the first stage of
the IF amplifier off, because of the transient characteristics
of the crystal filter. When the transmitter is on and with
no gating 1n the IF amplifier, some transmitted signal will
leak through to the crystal filter. When the transmitter 1is
turned off, this signal decays and extends into the recelver
on-time, By turning the first stage of the IF amplifier off
during the transmit tlme the problem was eliminated.

4, ALTERNATIVE METHOD OF RF FREQUENCY GENERATION

An alternative RF generation system that was bread-
boarded and tested is described in Appendix F. It has the
advantage of requiring the frequency stability of the crystal
oscillator to be only 1/11 as stable as the system in Fig-
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ure 10-1. This system was breadboarded, tested, and found
to have the following disadvantages:

1. The system required 8 transistors as
compared with 4 transistors in the system
in Figure 10-1, resulting in a larger vol-
ume, more welght, a greater power drain,
and an increased hazard rate.

2. The output of the fractional-frequency
multiplier in LO circuitry inherently had
an output at 21 Mc as well as the desired
17.5-Mc output. The presence of a 21-Mc
signal 1n the 17.5-Mc circuitry produced a
component at 3.5 Mc that leaked into the
receiver mixer. To reduce this signal
below thermal nolse, about 100 db of fil-
tering was required.

3. A 3.5-Mc leakage signal was also produced
by 21 Mc leaking back through the 21-Mc
buffer amplifier to the 17.5-Mc buffer
amplifier (Figure F-1).
For the preceding reasons and because the required
stability for the double oscillator system of 3.8 x J.O"6 can
be obtained without an oven, the system shown in Figure 10-1

was chosen as the better system.

B. MATCHING NETWORKS

The matching network (Figure 10-3) has the follow-
ing functions:

1. Converts the unbalanced output of the power
amplifiers to balanced outputs for the
antenna,

2, Reactlvely matches the antenna to the power
amplifiers.

For the Mars flight (60-foot dipoles), matching
inductors are used at 1 Mc and 2 Mc to form a series resonant
circuit with the capacitive reactance of the antenna. At
5 Mc, the antenna appears inductive and capacitors are used
for matching. Twin inductors and capacitors are placed on
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the balanced side of the balun instead of single inductors
or capacitors on the unbalanced side because: (1) the
reactance (which 1is large for 1 Mc) can be shared by two
inductors with half the inductance value, and (2) the power
dlssipated in the coil (158 watts in the case of 1 Mc) can
be shared by two coils.

The band-rejJect filters are included so that the
power amplifier in operation is not loaded down by the other
amplifiers., The filters are designed so that the impedance
at frequencies other than at the reject frequencies is
negligible (typical insertion loss = 0.04 db).

The baluns in the matching network are ferrite
toroidal transformers., The turns ratios are chosen so that
the same supply voltage can be used for each frequency and
the breakdown voltage of the transistors is not exceeded.

The insertion losses shown in Figure 7-1 were cal-
culated for 60-foot and 30-foot dipoles and assumed matching
coil Q's of 100 and a loss of 1 db for the baluns.

C. POWER AMPLIFIERS

The power amplifiers consist of single transistor
common-emitter amplifiers except for the 1-Mc amplifier for
the Mars flight, which consists of two transistors in parallel
in the common-emitter configuration. The transistors sug-
gested (2N1900) for use have thelr collectors electrically
connected to the case, The case will then be connected to
the chassis to ensure a low thermal resistance.

D. 150-CPS GENERATION CIRCUITRY

The 150-cps generation elements (Figure 10-4)
deliver a 150-cps sine wave to the phase modulator, and a
pair of quadrature related square waves to the 150-cps phase
detectors. The sine wave 1s generated by an RC oscillator.
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The square-wave output 1s obtained by feeding one
output of the oscillator to a flip-flop. Another output is
fed through a two-section 90-degree RC phase shifting net-
work to another flip-flop.

E. RECEIVER

The receiver (Figure 10-5) 1s a single conversion
superheterodyne design consisting of three TR switches, tuned
RF amplifier, mixer, IF amplifier, and crystal filter. All
of these except the tuned RF amplifier can be used for both
the Mars and Venus flights. The RF amplifier must be unique
for each flight, because the spurious responses in the Mars
flight would fall into the band pass of the Venus flight.

If these spurious responses were not filtered, additional
cosmic noise would enter the recelver at these frequencies,
and the sensitivity of the receiver would be degraded.

The nolse figure of the recelver is relatilvely
unimportant, because the expected level of cosmic noise power
entering the recelver will be greater than thermal nolse by
amounts ranging from 49 db at 1 Mc to 36 db at 9 Mc.

The mixers (Figure 10-1) were designed with
resistive input couplings, so that they could be operated
for both the Mars and Venus flights without retuning the
input circuitry. The transmitter mixer has a low-pass fil-
ter (f,,
for the Mars and Venus flights. The LO mixer has a three-

= 9 Mc) on its output, and as a result can be used

pole network on its output with each pole tuned to a sepa-
rate LO frequency, and thus must be tuned for each flight.

The receiver has an overall gain of 100 db, a
bandwidth (which 1s determined by the crystal filter) of
1 ke, and a noilse figure less than 10 db (not including
the loss of the matching network). It has a rejection to
all spurious signals of at least 25 db, and the combined
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effect of all noise introduced by spurious responses affects

the sensitivity by less than 1 db.

The TR switches consist of two diodes back-to-back,
which are blased into their forward conduction regions (low
attenuation) when the receiver is on, and into their noncon-
duction region (high attenuation) when the transmitter 1is on.
Two diodes are used in a back-to-back configuration, because
a peak RF voltage of 50 volts is expected across the TR
switch. Thus, a single diode would require a breakdown
voltage of 100 volts and a blas voltage of 50 volts to oper-
ate properly. Using the back-to-back configuration, a break-
down voltage of 50 volts can be tolerated with only a few
volts of bias. The TR switch used in the breadboard had an
attenuation of 3.5 db and provided 50 db of isolation at 1 Mc.

The placement of the crystal filter in the system
is a compromise. If the filter 1s placed at the front of
the amplifier chailn, the wide-band nolse that is generated
after the filter might affect the system sensitivity. How- .
ever, 1if the filter 1s on the output of the amplifier, the
wilde-band nolse due to the earlier stages would saturate
the amplifler reducing the signal level at the filter input.
The crystal filter was put in the middle of the amplifier
in the breadboard. The filter termlinating impedances were
padded with 750-ohm resistors to minimize changes in the
filter characteristics due to changes in the impedances of
the transistors. The overall filter loss includling these
padding resistors is 18 db.

F. VCO LOOP FREQUENCY SYNTHESIZER

The VCO loop frequency synthesizer (Figure 10-6) .
provides signals to the phase-lock loop at 3.0, 3.3, or
3.4 Mc upon command. The signals are derived by mixing
the second harmonic of the output of the 10.5-Mc crystal
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oscillator with the output of the 17.5-Mc crystal oscilllator,
producing 3.5 Mc. The 3.5-Mc signal 1s then mixed with either
100 k¢, 200 kc, or 500 ke, giving signals at frequencies of
3.0 Me, 3.3 Mc, or 3.4 Mc. The 100-kc, 200-kc, and 500-kc
signals are derived from a single crystal-controlled, 100-kc
oscillator followed by a harmonic generator whose harmonic
number output can be selected.

A 17.5-Mc tuned amplifier was included in the cir-
cultry to prevent the 3.5 Mc that is generated in the 3.5-Mc
mixer or the 21.0 Mc (which could beat with the 17.5 Mc at
some other point producing 3.5 Mc) from reaching the local
oscillator line. In the breadboard system, the 3.5-Mc leak-
age arlising from this path was reduced to a level at least
10 db below thermal nolse at the output of the IF amplifier.
The 100-kc and 200-kc filters are single-tuned parallel cir-
cuits. The 500-kc filter is a double-tuned circult. These
circuits are all connected in parallel at the collector of
the harmonic generator, with each circuit having a back-
bilased diode in series with it. When a particular harmonic
is desired, the diode connected to the tuned circuit of the
desired frequency 1s forward biased thus putting it into
the system. In each of these circuits, the unwanted har-

monics are suppressed by at least 20 db.

A balanced mixer is used 1n place of a conven-
tional mixer to generate the 3.0- 3.3-,and 3.4-Mc signals
to suppress the input 3.5-Mc signal.

The output of the balanced mixer is fed to a three-
pole Tchebycheff filter with buffer amplifiers on its input
and output. The filter passes 3.0, 3.3, and 3.4 Mc and has
a relatlve attenuation of 10.6 db for 3.5 Mc and 20 db for
3.6 Mc.
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G. PHASE-LOCK LOOP

1. MARS SOUNDER

The phase-lock loop (Figure 10-7) design criteria
is set by the system specifications and the optimization
requirements (Appendix C). The threshold information band-
wldth requirement of 1 cps ylelds a two-slded nolse bandwidth

of R%g-x 1l cps, or 6.66 cps. Arbitrary limiting of the maxi-
2

mum average phase offset to 1/6 radian at a maximum doppler
shift of 25 cps would fix the open loop gain, GT’ at:

Radians
g . (@5x2msecond _ 300m Radians/second
T 1/6 Radians Radian

The low-pass filter components are fixed by

. _ 91 _ 300m
1 E;? (2n)2
)
£ = 399 _ 23.8 seconds
1oy
n

and

V2 At
ty = “po = A Af 2 << 1
2 1

o}

t2 = 0.224 seconds
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Let C be 50 uf (a bi-polar tantalytic capacitor)

C =5 x 10°2 farads

Rl =-L8_5 = l#.76 X 105 ohms
5 % 10

R, =———94§§%§ = 4,48 x 103 ohms
5 x 10

The recelver 1s turned on only during the 1/4 sec-
ond intervals during which a reflected signal return may
occur. Thus the phase detector has no input during the
remalning 1/4 second. The low-pass filter has a time con-
stant of 23.8 seconds and would discharge about 1 percent
during the 1/4 second receiver off-time. This is undesira-
ble with large doppler shifts and should be stopped by
Including an electronic switch that disconnects the low-
pass filter as shown in Figure 8-1. Suitable switches with
off impedances of many megohms and offset voltages less
than 0.1 mv are avallable for this use.

The threshold IF S/N is -14.8 db, which represents
a signal voltage component about 1/6 of that at high S/N.
The open-loop galn is a direct function of the signal volt-
age component and would, therefore, increase from the
threshold value by a factor of 6 at high S/N.

Phase lock is maintalned wlth the changlng doppler
shifts that accompany a change in sounding frequency, by
using the VCO harmonic selection method mentioned in Sec-
tion IV-C(3). This harmonic selection has the effect of
making the open-loop gain proportional to the harmonic used.
Thus, 1n the case of the Mars sounder with sounding fre-
quencies of 1, 2, and 5 Mc, the gain at 5 Mc would be
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5 times the gain at 1 Mc. This 18 not desirable due to its
effect of causing an increase in the loop noise bandwidth.
Making the loop phase detector gain inversely proportional
to the sounding frequency will maintain the threshold loop
gain at the design value of 300m. This can best be done by
varying the gain of the signal driver at the phase-detector
input.

Keeping the open-loop gain independent of the
sounding frequency would appear to cause an increase in the
phase offset at the higher doppler shifts associated with
higher sounding frequencies. However, the signal-acquisition
procedure used will limit the phase-lock loop dynamlic track-
ing requirement to +25 cps.

The 100-kc loop VCO can reliably provide a sensi-
tivity of 600 cps/volt linearly over a +1 ke range, using
2 varactors as the frequency-controlling element. (This
will produce a loading impedance on the control voltage
that 1is kept in the high megohm range.) The frequency
synthesis method mentioned in Section III-C(3) to accommo-
date the sounding frequency dependence of the doppler shift
makes use of the 3,0-, 3.3-, and 3.4-Mc signals that are
selectively generated, by mixing the proper harmonic of a
100-ke crystal oscillator with 3.5 Mc from the RF generation
components (described in Section X-D). The appropriate sig-
nal is mixed with the first, second, and fifth harmonic of
the 100-kc VCO in a balanced mixer (which minimizes post-
mixing filtering), producing a sum frequency of 3.5 Mc plus
the doppler shift. The 100-kc VCO frequency will exactly
equal the 100-kc crystal oscillator frequency when the
doppler shift is zero and will differ from it by the dop-
pler shift divided by the ratio of the sounding frequency
in use to the lowest sounding frequency. Note that this
difference frequency (detected by the 100-kc phase detector
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of Figure 10-7) provides a very good and useful indication
of the doppler frequency, and thus the doppler veloclty com-
ponent between planet and spacecraft,

The phase detector gain at threshold (KmT) must
equal
Radians/second
Threshold open-loop gain _ 3007 Radian
VCO sensitivity " 600 x on Radians/second
volt

Kpp = 1/% volt/radian

The maximum phase-detector gain at high S/N will
be six times greater or 1.5 volts/radian. Reference to Fig-
ure C-1 of Appendix C shows that the 3-db bandwidth, w3db’
will then be 7.8 B,. Thus

and the modulation will be shifted in phase by 4.5 degrees
(Figure C-2), which is compatible with the accuracy of this
system,

2. VENUS SOUNDER

Analysis of the Venus sounder phase-lock loop
parameters follows the same line as that for the Mars

sounder.

The Venus sounding frequencies are 4.5, 6, and
9 Mc. The same frequency synthesls techniques are usable,
but with the desired 100-kc harmonics now being the third,
fourth, and sixth that mix with 2.9, 3.1, and 3.2 Mc to
provide the 3.5-Mc tracking signal.
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The phase-detector gain at threshold will still be
1/4 volt/radian, if the 100-kc VCO sensitivity is decreased
by 1/3 to 200 cps/volt. The phase-detector gain will then

volt

have to be controlled to Egi X l/ﬂ'?éaian

at 6 Mc, and

u. vol
x 1/4 ragisn at 9-Mc sounding frequency to keep the open-

1oop galn constant.

H. SIGNAL ACQUISITION

The requirements for signal acquisition are the
generation and control of the VCO sweep, and the sensing of
phase lock.

The sweep requirements are that the 100-kc VCO be
swept 1n steps that result in 25-c¢cps variations in the 3.5-Mc
phase detector input and at a sweep rate of 2 cps/sec. Fig-
ure 8-1 1llustrates how thils may be done.

At the start of the acquisition procedure, all
counters and flip-flops will be reset. The leakage gates
will be closed permitting acqulsition of the drift, and the
step-VCO timing pulses (one each 16 seconds) will be directed
to the drift-compensating counter until drift is acquired.
Each step of the counter will add an ilncrement of voltage to
the input of the phase-lock loop low-pass filter, so the fil-
ter output voltage will produce the 2-cps/sec sweep. The VCO
frequency will be initially offset by one-half of the maxi-
mum expected drift, so that the counter 1s assured of being
able to compensate for the drift. The quadrature phase
detector and l-cps filter will sense the phase-lock (zero
beat) state and cause the Schmidt trigger to initiate the
doppler acquisition procedure. This consists of removing
the signal leakage path, turning on the sounder transmitter,
and causing the doppler four-stage counter to control the
sweep. Prior to the start of the doppler counter, it will
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be preset to a value below the antlicipated doppler shift and
sweep up toward it. This wlll ensure the doppler acquisition,
but requires a programming of predicted doppler shifts.

Acquisition of the doppler shift will signal the
start of modulation and the end of the acquisition mode, and
of any further counting. Loss of phase-lock for a predeter-
mined interval willl reinitiate the acquisition procedure.

I. 150-CPS PHASE DETECTORS AND INTEGRATORS

The sensitlvity of the 3.5-Mc phase detector in
the phase-lock loop at threshold has been specified as
1/4 volt/radian. The phase modulation 1s E-radians, so the
threshold amplitude of the demodulated 150-cps output will
be % X 1/ﬂ =]% volts, zero to peak. Paragraph E of Section V
indicated the need for a 10-cps band-pass filter to raise the
S/N of the 150-cps tone from the -17.6 db threshold S/N to
-0.6 db S/N. A stage of amplification with a "twin-T" RC net-
work providing negative feedback (and thus frequency selec-
tive gain) will satisfy thls need and provide about 10 db
of gain for signals within 1ts pass band.

The filtered tone plus noise will then be phase
detected in two transformerless 150-cps phase detectors
(Figure 10-8) operating in quadrature. Each phase detector
is followed by a 4-second time constant, RC low-pass filter
that is "dumped" at the end of each 8-second integration
period. The phase detectors will have outputs ranging from
O to +4 volts at high S/N and O to +2.8 volts when the phase
detector input S/N 1s at the minimum of -0.6 db.
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XI. BREADBOARD PERFORMANCE

A breadboard of the lonosounder components descrlibed
in Section X was constructed to show the feaslbllity of the
system design. The system parameters were then slightly modi-
fied, and the sounder used to demonstrate its function by per-
forming bottom-side soundings of the ionosphere (Appendlx G).
The only significant problem in bringing the system 1nto oper-
ation was the elimination of undesirable signals in the recelver
that were originating in the RF generation components. These
problems have been described 1in Sectlon X.

The system was evaluated quantitatively under a
simulated operating condition that allowed a known amount of
leakage signal to appear in the recelver along wilth a measured
amount of external noise. Flgure 11-1 1s a traclng of a
recording made of the maximum output of one of the 150-cps
phase detectors (zero phase difference between modulation and
detected 150-cps tones) when the IF S/N ranges between -20 db
and 0 db. The recordings agree well wlth the expected sounder
performance and are an indicatlon of the valldity of the sys-
tem design. (The phase detector output, which 1s in quadra-
ture with the one shown, has an average output of zero for the
phase difference measured.)

The variatlon 1n voltage outputs due to S/N changes
does not affect the phase measurement as 1t 1s obtalned from
the ratio of the two phase detector outputs (Section IV-C).
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XITI. SYSTEM INTERFACES

The Timing and Control Section (VIII) mentlons
three control functlons that are best handled through the
system interface. These are antenna erectlon, power turn-on,
and start and stop of sounding. There are three other func-
tions that 1nvolve the system 1nterface. These are:

1. Power for the sounder (exclusive of power
amplifiers),

2. Provislon for trickle charglng the power
amplifier battery to compensate for 1ts
self-discharge,

3. Facllity for accommodating the two data-
measurement outputs, as well as the 1nfor-
mation describlng the sounded frequency and
1ts time of occurrence.
The filrst function involves the abllity to supply

about 1.0 watt at about 12 volts.

The second calls for providing a constant current
source of a few milliamperes for the 1life of the milssion,.

The third can, at this time, be specified only in
terms of the measurement output signals due to the lack of
knowledge about the spacecraft data-handling procedures,.

The measurement data appears on two lines as
voltage levels avalilable for sampling at the end of each
8-second sounding interval. The voltage that appears at the
end of thils integration time willl depend on the phase beilng
measured and will have a maximum magnitude ranging between
+2.8 volts at the minimum S/N and +4 volts at high S/N. The
system resolution of 1/20 of the modulation period (m/10 radi-
ans) calls for a minimum voltage resolution of 1/5 x 2.8 volts
or 0.56 volt for both polarities.
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XITII., SYSTEM RELIABILITY

A, RELIABILITY ANALYSIS

Reliablllty estimates for the Mars and Venus experl-
ments were obtained from the block dlagram (Figure 9-1) and
the estimated circult components listed in Table 13-I. The
rellabllity model used 1s based on the assumption that all
components are consldered to be serial, and the fallure of any
one part constltutes fallure of the clrcuit.

Unless otherwise noted, hazard rates whlch were used
are from MIL-HDBK-217 and are for high-quality parts used at
about 25 percent of thelr rating, at about 2500, and protected
from vibratlon, shock, humidlty, and other deleteriocus con-
ditions. Where applicable, the Minuteman Parts hazard rates
were also taken from MIL-HDBK-217 and they are based on an
electrical stress of 0.2 at a temperature of 40°¢.

It should be noted that the reliability of elther
experiment for the types of parts that are belng consldered
for use 1s primarlly a functlon of the coast time (3 to
12 months dependlng on whether or not a Mars or Venus probe
is under consideration, and the launch window utilized) and
not the use time (1 to 3 hours upon command). This 1s achleved
by the use of sufflclent derating and other protective measures
which will ensure that the hazard rates of the parts are no
greater durlng use than thelr hazard rates during shelf-1ife,
which are the minimum hazard rates (used herein) that can be
achleved.

Therefore, if the experiments survive the launch
and coast perilods, the probability of operating upon command
i1s almost a certainty.
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TABLE 13-1
ESTIMATED PARTS COMPLEMENT HAZARD RATES

Estimated

High Quality Estimated

Parts Hazard Minuteman

Block Number Rate Hazard Rate
on Figure 9-1 (fpmh) (fpmh)
1 0.68 0.428
2 0.40 0.175
3 0.91 0.856
4 0.52 0.322
5 0.59 0.374
6 0.68 0.428
4 0.40 0.175
8 0.26 0.107
9 0.63 0.216
10 0.47 0.182
11 0.77 0.482
12 0.47 0.209
13 0.76 0.526
14 0.32 0.077
15 0.94 0.454
15a 0.80 0.800
15b 0.94 0.454
l6a, b, c 0.276 1.593
17 0.65 0.129
18 0.72 0.477
19 0.26 0.053
20 0.78 0.528
21 1.27 0.766
22 2.10 0.714
23 2.71 1.189



TABLE 13-I (cont)

Estimated
High Qualilty Estimated
Parts Hazard Mlinuteman
Block Number Rate Hazard Rate
on Figure 9-1 (fpmh) (fpmh)
24 2.20 0.289
25 6.71 0.680
26 1.44 0.198
27 3.98 2.634
28 4,98 4,554

The reliabllity (probability of survival) for both
the Mars and Venus misslons as a functlon of possible coast
times are shown in Table 13-II. The basis for these compu-
tatlions are the parts complements of the Mars experiments
(see Table 13-I). It was assumed that the Venus experiment
would have approximately the same number of parts with differ-
ences exlsting only in frequency tuning and other applicable
value changes. Rellability figures for both "high-quality"
parts and Minuteman parts replacements as applicable
(Table 13—I) are tabulated in Table 13-II for each coast time
together with the percentage gains in rellability through
substltution of Mlinuteman parts.

As can be seen from the results in Table 13-II,
substitution of Minuteman parts can result in significant
reliability galns for the Mars misslon especially if the
duration of the coast time approaches a year. Important
parameters to be considered in using Minuteman parts are
cost, avallability, delivery schedule, and special handling.
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1. PARTS AND MATERIALS APPLICATION

Organlc materlals may decompose and/or undergo
changes 1n thelr characteristics when exposed to high vacuum,
Materials containing plasticlizer agents (that is, polyvinyl
chloride) that are volatile when exposed to vacuum should be
avolided,

High vacuum will also cause evaporation of some
metals and plastics. Large temperature gradients should be
avolded within the various electronlc packages in the respec-
tive experiments, since such gradlents, together with high
vacuum, Will cause some metals and plastics to sublimate and
then recondense on cooler surfaces. Use of parts and materials
contalnling cadmium or zlinc should be avolded.

Plastics that are reinforced wlth lnorganic fillers
generally provide better radlation resistance than organilc
materlals. Also, the very poor radiatlion resistance of teflon
renders 1t nonusable for the Venus or Mars mlssions.

Germanium devices are capable of withstanding a
higher radlation environment than sllicon devlices; however,
the use of sllicon 18 more desirable because of its superior
temperature characteristics. Transistors with a thin base
offer superior resistance to radlatlon; however, all semi-
conductors are more vulnerable to radlation than other compo-
nent parts. Since not all parameters are affected at the
same rate, careful clrcuit design will extend the tolerance
by allowing wlder variations 1n susceptlible parameters.
Overall protection by metal encasement (careful -skin design)
will materlally improve overall operation by accomplishing
some decrease in radiation intensity.

Wirewound resistors are relatively unaffected by a
radiation environment. Carbon and composition types can
exhlibit resistance changes of 5 to 30 percent. Deposited-
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film types are considerably more radiation-resistant than
composition types.

Tantalum, paper-plastlic, or mlca types of capaciltors
should experlence a minimum of difficulty 1f they are properly
used (wlde tolerances in capacitance and dissipation factor)
and reasonably shielded by careful packaging.

No difficulty is anticlipated in the use of 1nductors,
transformers, batteries, and crystals i1f they are protected by
careful skin design and packaging. However, it should be noted
that further analysis and possible tests of the effects of
radiatlon on these part types may become necessary when the
speciflc radiation environments are better defilned,

2. PREDICTION OF RELIABILITY

The mathematical model that was used to make the
reliabllity predictlon is based upon the results of extensive
testing throughout the electronics industry and data gathered
from operatlional equlipments which have shown that the distri-
bution of fallure times of electronic parts and equlpments can
be expected to follow the exponentlal law:

The probabllity of failure during

the interval (o,t) is 1 - e P,

where A 1s the hazard rate, failure

rate or mortallty rate; A represents

the probabllity that, having survived

to tlme t, the part falls 1n the

interval (t, t + A t).

Under these condltions, the prediction of system

reliability 1s reduced to the problem of determlinling the
hazard rates of the indilvidual component parts and then apply-

ing the famlliar product rule:

-Kst
R(t) = e

where AS = the sum of all the component part hazard rates,
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B. SPACE ENVIRONMENT EFFECTS ON MARINER B EQUIPMENTS

The Mars and Venus missions of the Marlner B program
have been analyzed 1n an attempt to determlne whether elec-
tronics equlipment subjected to the outer space environment for
long perlods of time would be adversely affected, For the
purposes of this analyslis the Mars misslon 1s assumed to take
place in the latter part of 1965 or in 1967 and to last about
eight months. The Venus mission will take place in 1966 and
have a duration of about four months. Two facets of the space
environment present areas of possible danger to vehlcle equip-
ments: (1) high vacuum, and (2) radiation,

Vacuums as high as lO"lu

torr may be met well away
from the earth's atmosphere., Such a high vacuum wlll require
speclal lubricants for movable mechanlsms. Since 1t 1s not
envisaged that lubrication will be important in AIL's phases
of the Marlner B program, further discussion of possible

lubrication methods 1s not developed here,.

High vacuum can also cause evaporation of metals and
insulation. If large temperature gradients exist within the
vehicle together with a high vacuum, some metals and plastics
can evaporate or sublimate and thereafter recondense on cooler
surfaces, These surfaces may be electrlcally conducting such
as in relays, ete. thus resulting in a conduction problem,
Metals such as zlnc and cadmlum should be avoided. Most other
metals 1ncluding aluminum, germanlum, and silicon will not
sublime appreciable at typical space vehlcle temperatures,

Little information 1s avallable on the changing
characteristics and decomposition of organic materlals in
vacuum, but prellminary data indicate that such polymers as
nylon, sulphide, nitrate cellulose, oxidlized cellulose, methyl
acrylate, esters, epoxies, urethane, vinyl butyral, vinyl
chloride, linseed oll, and neoprene may possibly be trouble-
some. Oils, greases, and plastics and elastomers which contain
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plasticlzer agents volatlle in vacuum should also be avoided
(for example, polyvinyl chloride).

The condensatlon problem can be reduced appreclably
by permitting only small thermal gradlients throughout the
electronic areas. Note should be taken, however, that with
elastomers containing volatile plasticizer agents, decompo-
sltion and condensation may not be the major problem. These
materials often become brittle and crack with the loss of the
plasticizer and therefore become unsultable for use as insu-
lation,

The radiation environment to which the Mars and
Venus probes wlll be subjected consists of (1) solar electro-
magnetic radlatlon, (2) galactic cosmlc radiation, and
(3) solar corpuscular radiation. The first mentioned should
not cause any problem to Internally mounted equlpments slnce
the skin of the vehlicle will provide adequate protection.
Galactlc cosmic radiation should not be damaging elther
because of the extremely small fluxes involved. Corpuscular
radiation, however, may have some deleterious effects upon
internal electronlc equipments.

Because of the difficulty in describing the tran-
slent effects of radlatlon on entire clrcultry, the area of
translent damage 1s not discussed here, This should be an
area for separate investlgation.

Permanent damage effects are dependent upon the fre-
quency of occurrence, spectra, and intensity of solar flares.
There has been a large variation in the published data
describing these parameters. The duration of a solar flare
may range from minutes up to several days with assoclated
particle energlies of a few Mev up to several Bev. Total
Integrated intenslties have approached a maximum of
10lo protons/cm2 with energles greater than 10 Mev (sufficient

energy for penetration of a 30-mil aluminum satellite skin).
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It 1s estimated from the eleven-year solar cycle
and the proposed times for the Venus and Mars fllghts, that
the Venus flight (1966) will encounter a maximum of three
intense solar flares and the Mars flight (1967) a maximum of
six. From this estimate and the maximum proton flux per
flare, the maximum integrated flux with energy greater than
10 Mev which could be encountered 1n each mission 1s:

10 2
10

Venus flight - 3 x 10
Mars flight - 6 x 10

protons/cm
protona/cme

As a guldellne for predicting possible electronic
equipment damage in the two flights, the thresholds for radi-
ation damage for various electronic components are presented
in Table 13-III. The lowest level of integrated flux which
has produced any noticeable change 1n a component parameter
in any radiation experiment has been used as the threshold.
It should be mentioned that thls level may not be typical for
all components 1n each class since great variations in radi-
ation level sensitivity have been found between components,
Manufacturer, method of fabricatlion, and the presence of
impuritlies have all been shown to affect radiation damage
levels,

In cases where no experimental data on proton damage
were avallable, fast neutron irradiation data were used. It
can be assumed in this analysls of permanent damage effects
that fast neutron damage and high energy proton damage are
equivalent,

It 1s emphasized that the levels of Table 13-III
are only guidelines to possible damage; there 1ls a great lack
of data concerning damage dependence on radlatlon intenslty,
radiation damage 1in high vacuum, and the respective effects
of wvarious types of corpuscular radlation.
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TABLE 13-III

THRESHOLDS FOR RADIATION DAMAGE

Component

Sillicon transistors
Thick base

Thin base

Germanium transistors
Thick base

Thin base

Silicon dilodes

Germanium diodes

Reslistors
Potentiometers
Capacltors

Electron tubes

Quartz crystals
Flashlight dry cells
Solar cells

13-10

Threshold for
Permanent Damage

(particleq/cm2)

Type of Damage

lOlO

1012

lOll

1013

1011 to 10%°

1013

1012
1014

l012

1012

1015

l016

107

Changes in gain,
collector, and
leakage currents

Changes 1in gain,
collector, and
leakage currents

Changes 1n gain,
collector, and
leakage currents

Changes 1n gain,
collector, and -
leakage currents

Increase in forward .
voltage drop, changes

in reverse and for-

ward current charac-
terlstics

Increase in forward
voltage drop, changes
in reverse and for-
ward current charac-
teristics

Decrease in resistance
Failure

Change 1n capacitance
and dissipation factor

Cracks 1in glass, metal
seals, fallure

Frequency changes
Some deterloration

Degradation of power
output



In addition to the preceding components, certaln
materials are sensitive to irradiation and should be avoided
if possible, Teflon and nylon are speciflc examples of
materlals that are appreclably altered at low radlation levels
(1013 protons/cmg).

It can be seen that for the mlsslons under consilder-
ation, permanent radlation damage does not appear to be a major
problem, Although the analysis 1ndicates that the thresholds
for damage are approached for the semiconductor components,
this result is based upon many assumptions in areas where
little data are presently avallable-~for example, the effects
of secondaries, radlation effects in high vacuum, flare
occurrence, flare type prediction, slowing down of particles
in skin and structural shielding, and overall circultry
effects., In developlng each assumption a conservative
approach has been taken, that 1s, any possible damage occur-
rence has been magnified. Therefore, it 1s most probable
that the true radiation environment will be greatly below
the semlconductor threshold for permanent damage.

It 1s recommended that for the greatest reliability
more radlation resistant components and materials be used
when possible in the final equipment design. Certain plastlcs
should be avoided, and the spacecraft thermal design should be
such so as to minimlize any large temperature gradients across
the electronlcs compartment. The probabllity of radiation
induced transient effects affecting overall system performance
at a crucial moment should also be evaluated in the 1light of
additlonal analyses,
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XIV. SYSTEM SIZE, WEIGHT, AND POWER REQUIREMENTS

The followlng values are based on using conventlonal

point-to-point wlring techniques.

Volume

Weight (cublc

(pounds) inches)

Ionosounder Electronics

excluding Transmitter 12 175
Transmitter with heat slnks 3 30
Dipole Antennas (60 foot) 5 140
Antenna Matching Networks 3 30
Battery 2.5 30
Total 25.5 405

Power
(watts)

1

(separate
battery)
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XV, RECOMMENDATIONS

The planetary lonosounder has been designed to
accommodate the environment expected for its operation. It
has been tested in the laboratory and performs as expected.
Laboratory operation did not, however, fully simulate the
gspacecraft operating environment. The characteristics of
doppler shift and the true ionospheric reflectlons are 1deally
simulated only by actual topslide sounding. Furthermore, the
constructed breadboard did not contain all components needed
for a complete sounder, and those that were bullt were designed
to provide the necessary technique verifications with quick
solutlions of the baslc component requirements.

It 1s, therefore, felt that future efforts toward
the development of a Planetary Ionosounder should be directed
toward the development and flight testing of a well-engineered
model embodylng the techniques and components recommended in
this study. Flight testlng would be undertaken 1n a rocket-
test sounding the earth's lonosphere, and would provide system
performance data under condltions closely approximating the
environment of the planetary soundlngs.
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APPENDIX A

PROPAGATION AND SIGNAL TO NOISE CONSIDERATIONS
IN IONOSPHERIC TOPSIDE SOUNDING

1. CHARACTERISTICS OF SIGNAL RETURNS

a. REFLECTION

Since normal reflection from the lonosphere may
be approximately represented by specular reflection from an
equlivalent conductive surface at a depth fixed by the refrac-
tive 1ndex, computatlion will be based upon the assumption of
specularity. Non-specularlity wlll be considered separately.

When the curvature of the reflecting layer 1s suf-
ficlently small, the power-spreading loss assoclated with
reflection and return of the signal may be obtalned by com-
puting the one-way power loss to an image-point at twice the

range .

Since the planetary lonospheres have curvature, a
correction factor must be applled to account for the shrink-
ing of the Fresnel region from that of a flat reflector (that
is, defocusing). Flgure A-1 shows the Fresnel regions for
planar and curved ionospheres for the two planets. Maximum
and minimum ranges and frequencies are shown. Figure A-2
shows the defocusing loss with respect to reflection from a
planar surface. The loss may be written:

as a power ratio where Rp is the radius of curvature of the

convex surface and d 1s the distance.



Equatorlial bulge, 1n the event of a significant
magnetic fleld, results in about +2 db variation in the loss
factor when the bulge 1s comparable to that of the earth's
ionosphere.

b. ABSORPTION

Approxlimate absorption computations have been made
for a Chapman lonization profile and rather extreme conditions.
The calculations are not shown, since they only indicate that
absorption 1s not an important factor, being less than 1 db
round-trip even at 98 percent of the critical frequency. An
estimate of the effect of electron-ion collisions was included.

c. FARADAY ROTATION

When long pulses of phase-modulated slgnal are trans-
mitted, the two magneto-ionic components of the reflected
signal will almost completely overlap, resulting in a Faraday
polarization rotation. Because many rotations are involved
at these frequencies, the polarization of the received wave
may be regarded as random for any given time. The temporal
behavior should follow a fading in and out pattern as the
signal polarization alligns and disaligns itself with the
receliver dipole orientation. Both observer motion and i1ono-
spheric motion should cause rotation changes. The cosmlc
noilse 1s also randomly polarized, so that the signal and noise
polarization losses will fend on the average not to affect the
recelver S/N.

d. ANTENNA GAIN

Since external nolse may be regarded as the dominant
factor, receiving antenna efficlency is of no consequence, and
directivity gain 1s sufficient to determine signal-to-noilse
Improvement due to the antenna. Transmlitting inefficiencies
must be accounted for in obtalning actual radiated power.



For the range of frequencles used, and the antenna
lengths of 30 feet and 60 feet for Venus and Mars, respec-
tively, the dipole directivity gain variles from 3.6 to 4.4 db
round-trip for optimum orientation. However, 1sotroplc antenna
galns wlll be used 1n system computations because of uncertaln-
tles 1n antenna orilentation.

e. SIGNAL-TO-NOISE RATIO REQUIREMENTS

A working signal-to-noise ratlo wlll be obtailned
for the measurement and phase-locked loop (coherent detection)
channels. The probability density of the phase, P(#), of a
sinusold plus narrow-band noise for large signal-to-noise
voltage ratio, x, is (from reference 10).

7
5
. el

P(g) = e

\/2nr 1 J

L\/E X
which 1s Gausslan with o of L .
2 X

If an accuracy of 50 km (corresponding to m/10
radians at the 150-cps modulation rate) 1s desired, with
95-percent assurance of falling within the 50-km zone, then
the zone must be 3.92 o¢'s wide or x = 8.85, which 1is +19 db.
For a zone of +50 km, we require only +13 db.

After detectlon, the video S/N ratioc will be given
as the equivalent working S/N ratio providing phase accuracles
in accord with the Gausslan dlstribution previously given.
This may be obtalned elther by scaling the IF S/N ratio by the
ratio of IF to two-sided video bandwidth, or the ratlo of vldeo
integration time to IF impulse response time., Thils S/N ratlio
is also that used in determining phase-locked loop stabillity,
where at least +4 db S/N ratio is required for initilal lock-on.
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2. REFLECTED SIGNAL-PATH ATTENUATION

The receilved signal power density from a large flat
specular reflector lying in a plane normal to the propagation
path at a distance d meters is p for an i1sotropic antenna
with transmitted power PT watts.

P
p =———J£—j§ watts/m2
Un (24)

5 The effective area of an 1sotropic antenna is

i where 71 1s wavelength of signal. Then the received sig-

i
nal power 1is PR

PT T2
PR = 5 X
Yo (2d) Loy
T2
P, =P
R T g3 x 10°%°
3 X lO2
and « == fmc = gounding frequency in Mc
me
Then:
P, =P 1

R T 2 05 10—3d2fic
i

Substituting a curved surface wlth radius of curvature R

p
causes an additional logs due to defocusing. Thils loss factor
2
R
is |—B and is plotted for Mars and Venus on Flgure A-2
R+ d
P

of this appendilx.
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3. COSMIC NOISE

The avallable thermal nolse due to a source at
temp Teff 1s KTeffB, where k 1s Boltzmann's constant and
B 1ls the bandwidth of the nolse power,

The cosmic nolse temperature has been found emplr-

2.3
-~ 100 _
ically to be Teff = 500 TT;ZT . Thus, in a l-cps bandwildth,

the cosmic nolse power Pn 1ls

203
100

me

B -20
Pn = 1.38 x 10

lo(f )2'3 watts in l-kc bandwidth

P = 2.76 x 10 me

n

4, RECEIVED SIGNAL TO NOISE

The S/N per cycle of bandwldth availlable at an
antenna's termilnals 1s PR/Pn'

R_p 1 X 1 . defocus-
FH- T 7.05 % lO_3d2(f )2 2.76 x 10-10(f )—2-3 ing loss
me me
Pp 1 p O-3
T PT 15 X m02 x defocusing loss per cycle
n 1.945 x 10~ d

of bandwidth.
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SPECULAR DEFOCUSING LOSS IN db WITH REFERENCE TO PLANAR SURFACE
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APPENDIX B
SIGNAL VARIATIONS DUE TO SPACECRAFT MOVEMENT

1. CARRIER FREQUENCY DOPPLER SHIFT

Referring to Flgure B-1, the doppler veloclty com-
ponent relative to the planet 1s

VA =V sin ©

D
v vt
J(vt)? + @?

v

Vs

'l

The doppler frequency shift 1s

where

fc a soundling frequency,
C = veloclty of propagatlon;

and




The maximum doppler shift for any fc wlll occur
for d/f minimum at the maximum sounding range of 40,000 km
wh?ge d = 30,000 km and Vt = 30,800 km. Then fd = —fc x 24 x
10 cps.

The rate of doppler frequency shift 1s found by
taking the time derivative of f..

d
[ 4.2

84 i -2f |V (v)

dat C 3/2
X3

Thls function 1s maximum for minimum d where d = 11,000 km
and t = 0, Then:

5(f
at

8

) i
= 1,51 x 10 X fC cps

which equals 0.136 cps at £, = 9 Mc.

2. MODULATION PHASE VARIATION (MEASUREMENT ERROR DUE TO
SPACECRAFT MOVEMENT DURING TIME OF MAKING MEASUREMENT)

The round trilp propagation time = 1.

(e s @ - o}

C

T=

Where symbols are the same as 1n paragraph 1, let

{\/(Vto)e + a2 - R]g
- i

TO-



so that

_2 |4/ 2 2 2 2
T - T, =G (vt)= + 4a° - 'VQVtO) + d

then let t = to + At:

2 .2 2 )
- VEALS + 2Vet At
T-T, =% \/;étg +a° | ] 1+ o - 1
VLS + 4
) J
Ir
VEALS + 2V2tOAt
o7 <1
Vel + @°
(o]
then
o 35 3 VeALS + 2vPt At
Tty = 2 /VRES + 6% 1+ s -1
2(vety + %)
1 | 2 5 2 ‘
= X (V At + 2V At

c\/vgtg + d°

If T = modulatlon period, then

AZ(t) = modulation phase variation during time interval At

2
- 2ny (at% + 2t _At)

CT\/Vztg + a°




The average value of the phase during a time inter-
val Ato 1s #(t), which is the value obtained after integration
of the modulation phase detector output for a time interval

— AtO
Ale) = r— f glv)ast + g
O

O

- 21’rV
CTAt \/V t + d ] (At + 2t At)dAt + Q’(t

At 3 }At
d/ (A% + 2t _at)dAt = éé—-+ tOAtEi
(e}

o

o}

Atg .
=+ tAtS
Then
3
. 2 At
g(t) = iﬁi______ﬁ ( 30 + tOAtg + #(t,)
CTAt'\/V t2 + g°
2
2 [ At
AB(L) = 2y 2+ bobt,

b3
cTW/vgt2 + d2 \

It 1s of Interest to find how large At may be
before Aﬁ( due to Ato becomes too large to allow the
required measurement accuracy. The function for AZ(t) indi-
cates that the effect of AtO 1s greatest at larger to values
and maximum for d/t, minimum,

B-4



(Vt) ~3 % 10'm
max

where

V =5 x 1o3m/s,

da = 1.1 x 107m.

min

AL = average value of change 1n range in
meters

max 2L

3.08 x 10/ x 5 x 1O3Ato
8.6 x 107

i

1

1.79 x 1O3Ato

= 50 km for Ato = 28 seconds

= 14,3 km for Ato = 8 seconds

Thus, the maximum error due to the 8-second integration 1is
14.3 km. Trajectory information yielding knowledge of to will
further reduce error.

Note that when to ~ 0, the range varlation 1is much
less sensitive to Ato and 1s maximum at minimum soundlng range
when L = 1.1 x 107.
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Then

veALe

A—L?—‘_6:—L— whentomO

25 x 106At§

6.6 x 107

1R

1,.2

= 3,79 x 10 Aty

50 km for Ato = 365 seconds.

3. MODULATION DOPPLER SHIFT

The modulation sunusold wlll have an instantaneous
doppler shift equal to 8&(t)/dt.

From paragraph 2,

. 2['VQVt)2 + & - g

T C

glt) = 5 x 2n

4n [\/(Vt)g + a2 - R}
T G

The Ilnstantaneous modulatlon frequency is 6¢(t)/ﬁt.

sg(t) _ bm 1 2vet
fan TC X3

[(Vt)e + d2]l/?




Thus, functlon 1s maximum when (d4/Vt) 1s minimum
at maximum sounding range.

Let
1
T =155
vV =5x 105
C = 3 x 108
2
d
l7e) =195
[%g%zz] = 1.83 x 10-2 cps, which i1s maximum modulation
max doppler shift,

For T = T%ﬁ seconds.
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) APPENDIX C
PHASE-LOCK LOOP PARAMETERS

The following dlagram shows the phase-lock loop
wlth 1ts 1mportant deslign parameters.

PHASE DETECTOR SENSITIVITY = K_ ~LTS_
HASE ITY = K RADIAN

)

MODULATION
OUTPUT
IF
OUTPUT PHASE LOW-PASS
. RECEIVER ¥ DETECTOR FILTER F(S)
. ¥
+/2 A sin [u%f + ¢(r)] + NOISE I+ 18
F(S) =
1+t
wO
wo z |F
P(1) = MODULATION
A = SIGNAL AMPLITUDE AT VOLTAGE-
PHASE DETECTOR INPUT CONTROLLED
OSCILLATOR

RADIANS/SEC

v VoLt s VCO SENSITIVITY

References 1 through 9 show various analyses of
the loop and the optimum relatlonships between i1ts parameters.
= The relationships that follow are for the optimization
criterion of malntalning phase-lock wlth good translent
response under the condition of a minimum input S/N.



The optimum low-pass filter for the desired second-
order loop 1is

open-loop gain = G = AKmKV

3-db loop bandwidth (information bandwidth) = B radlans
second

) . a radians
Two-slded noise bandwidth = 2BL-§€3353—

Parameter values at threshold S/N of loop are indicated with
subscript T.

The optimum relations are

G

2 T 2
B. S =5 for tl >> t2
T 1 t
2
_ _3m
2Brp = V2 By

Figure C-1 shows the dependence of 3-db loop band-
width on loop-gain variations over the threshold value. Fig-
ure C-2 shows the phase shift in the detected modulation that
results from the phase-lock lcoop as a functlon of the ratio
of modulation frequency to loop 3-db bandwidth.

These relationships are important in that they
indicate the effect of a varying S/N on the accuracy of meas-
urements made of the phase of the demodulated signal.
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APPENDIX D
ANALYSIS OF RC INTEGRATOR

Glven a filter with impulse response of:

(1)
| r/nc

f(t) = 0<t< t
0 = ELSEWHERE
t
| 1
The equlvalent nolse bandwidth U 1s
f J_LLLF w) | g4 (D-1)
|F (o)

where F(w) 1s Fouriler transform of f(t) and filter input
noise 1s white Gausslan. From Parseval's theorem:

f |F(w) |° dw = —211; £2(t) dt (D-2)

Also, since |F(w)| is even for real f£(t)

f lF(w)|2 dew = 2 [ \F(w) ‘2 dw (D-3)
-0 o]

Then
oy = — Xl;(o 2 X f £2(t) at (D-4)



and

RC [1 ) e—QtO/RC]
|

b R (0) |2

Takling the Fourler integral:

t
¢ .
= _l_f o~ E(1/RCHwd) | 44
9]

-1 {e—to(l/RC+jw) ] 1]

(D-5)

(D-6)

(D-7)

(D-8)

(D-10)

(D-11)

(D-12)



Substituting |F(o0)|® in equation D-8

" o —2tO/RC
N RC T 1l -e
W= X (D-13)
. (1 - e
—tO/RC
T 1+ e
Uy = ZRC “T_/RC (D-14)
1 -e¢e

An ideal integrator 1s approximated by tO/RC << 1:

then
Qo 2 - (to/RC) (D-15)
n  2RC (tO/RC)
Yy = to n 2
. (D-16)
1 _ 1
T = 2%

o

Iet R = ratio of Wy to ideal integrator of band-
width ol. Then

—tO/RC
_ o 1+ e
R = 7R3 T /RC (D-17)

D-3



D-4

Tabulating R versus tO/RC

t_/RC

1/4
1/2
1

2
4
6

W N -

R (ab)

.005 =
.02
.08
.30
.07
.01

o)
0
0
1.
3
L

o NN W



APPENDIX E

MODIFICATION OF RANGING TECHNIQUE TO
MINIMIZE AMBIGUITIES

1. PROBLEM

Measurement of the phase shift of a single modula-
tion tone for ranglng requires a compromlse between range
resolutlon and maximum nonambiguous range. This is due to
the angular resolution limitation associlated with the S/N
(Appendix A). The compromise is minimized by the use of more
than one modulatlon tone. A procedure such as this may pro-
vide a practical solutlon to the absolute altimetry problem,
though thls problem is not analyzed in detail.

2. USE OF TWO TONE MEASUREMENTS

The problem may be solved with two different modu-
lation tones, by performing two range measurements with equal
angular resolution. One range measurement using the 150-cps
tone would provide the 50-km resolutlon wlthin a 1000-km band.
The second measurement, with equal S/N, would define 1000-km
range Increments within a 20,000-km band. Thils comblnatlon
defines a 50-km element within a 20,000-km nonambiguous Ilnter-
val.

The problem encountered in using this concept in the
sounder 1s that the coarse ranging tone would be 7-1/2 cps.
This frequency, though outslde the 3-db frequency of the phase-
lock look, would still be subject to significant phase shift
and resultant measurement uncertainty due to the presence of
the loop.



3. VERNIER TECHNIQUE

A vernier technique using two tones of similar fre-
quency will also reduce the measurement ambiguity. Iet:

Maximum nonambiguous sounding range,

Tone frequency 2,

= Sounding range,
= Tone frequency 1,

Average velocity of propagation (about 3 x 108 m/sec),
Measured phase delay of fl,

Measured phase delay of f2.

H

L
fo

n
max

and let

and

and n 1s an Integer representing the number of ambiguitiles

in sounding range D with one tone.

Then:

2R
N

2bh =

2D =

9y

n+-§7r-

n
max

and



Thus, to perform nonamblguous range measurements

over a 40,000-km distance (D = 4 x 107) using one tone at

150 cps (fl = 150) requires that

The nonamblguous

(92 - 91) > 0z
and
for (92 - Gl)
R _
To
and
R =
R =

- C
fo =25 % 3
8
3 x 10 + 1
L ox 107 x 2
£, = 153.75 cps

range 1ls obtained as follows.

0
R 2
—-—=n+.—.—.
5 21T
Ro2"% c
2T f2 - fl
6, - ©
_ 2 1
R = 55 D for (92 - 91) >0
<0
e
2
(n+l)+-§1?
1__(91 N 92) c
o f, -
i ] "2 1
0, - o.\]
1 2
1 —( 5 ) D for (92 - 91) <0

For
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4, DEPENDENCE ON S/N

The resolution in R that can be obtained 1s limited
by the S/N and its effect on the resolution of © (Appendix A).

For (6, - 6,) >0

2 l)

If (92 - Gl) has an uncertainty of 48, this will
cause an uncertainty in R of AR. Thus,

(6, - ©,) + 40
2 1 C
R+ AR = X
2w f2 - fl
AQ C
AR = =— x
2m f2 - fl
AR _ 40
R {92 - 915

Thus, the percent range resolution is the same as that of the
phase angle and 1s similarly affected by S/N.

5. DEPENDENCE ON FREQUENCY ACCURACY

The range accuracy 1s affected by the accuracy of
(f2 - fl). An error AR 1n range will result from an error
(

Af in £y - fl).

2 1 C
T L(fs - fl) + Af]

R+ AR =

AR _ ~Af
R~ (f, - £;) ¥ &7

Thus, percent range accuracy is about the same as
(£, - fl) accuracy for small errors.

E-L



APPENDIX F
RF SIGNAL GENERATION STABILITY

1. STABILITY OF SINGLE OSCILLATOR

The following 1s a derivation of the frequency

stability required by a crystal oscillator driving two

fractional frequency multipliers (Figure F-1) whose differ-

ence must be kept to a glven tolerance:

the two

Let
= Output frequency of crystal-controlled
oscillator,

= Fractional change in frequency fl,

= Fractional change in frequency in fractional
frequency multiplier number one,

= Fractional change in frequency in fractional
frequency multiplier number two.

The deviation 1n the difference of the outputs of
fractional multipliers i1s caused by a fractional

change in fl of C is equal to:

produce
outputs

C(Kpfy - KyT) - [Kz(fl +0f) - K (F) + Cfl)]

Thus, a fractlonal change in frequency fl will
an equal fractional change in the difference of the
of the fractional frequency multipliers.



2. STABILITY OF TWO SEPARATE OSCILLATORS

The following is a derivation of the frequency
stabllity required by the two crystal oscillators shown in

Figure 10-1.
Let:
FA = Frequency of recelver oscillator,
FB = Frequency of transmitter oscillator,
CA = Fractional frequency change of oscillator FA,
CB = Fractional frequency change of oscillator FB.

The deviation in the difference of the two oscil-
lators for given changes in the oscillators is equal to:

Py - Fy - [(FB + CgPg) - (F, + CAFA)]

C. =
D FB - FA
_ CAFA - CBFB
Fg - FA
In the worst case CB = —CA
Then:
FA + FB
C. =2¢C
D "A\fr, -F
B A
When
FA = 21 Mc and FB = 17.5 Mc
Then
CD = lch



Thus, in the worst case, an equal but opposite
fractional change in the oscillators will cause a fractional
change in the difference to be greater by a factor of 11.
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